A soil metagenomic library carried in pJC8 (an IncP cosmid) was used for functional complementation 22 for β-galactosidase activity in both α-Proteobacteria (Sinorhizobium meliloti) and γ-Proteobacteria 23 (Escherichia coli). One β-galactosidase, encoded by overlapping clones selected in both hosts, was identified as 24 a member of glycoside hydrolase family 2. ORFs obviously encoding possible β-galactosidases were not 25 identified in 19 other clones that were only able to complement S. meliloti. Based on low sequence similarity to 26 known glycoside hydrolases but not β-galactosidases, three ORFs were examined further. Biochemical analysis 27 confirmed that all encoded β-galactosidase activity. Bioinformatic and structural modeling implied that 28 Lac161_ORF10 protein represented a novel enzyme family with a five-bladed propeller glycoside hydrolase 29 domain. 30 31 Keywords 32 Functional metagenomics; soil metagenomic library; β-galactosidase; Sinorhizobium meliloti 33 34 Soils harbour the greatest genetic diversity of any habitats on Earth (Curtis et al. 2002). Our knowledge 36 of microorganisms comprising soil communities is hampered by cultivation challenges for many 37 microorganisms in these communities (Simon and Daniel 2011), although improvements in cultivation methods 38 are addressing this bottleneck (Shade et al. 2012). The genomes of metabolically versatile soil microbes are 39 potential sources of biocatalysts for use in various industrial processes. Limited knowledge of links between 40 sequence and function prevent rapid progress in bioinformatics-based systems biology. As a result, 41 metagenomics can be used to explore the collective genetic constituency of environmental microbes, including 42 those that are difficult to culture through conventional microbiological techniques. Sequence-based and 43 function-based strategies are used in metagenomics, depending on the main objectives of the particular study.
Introduction
pJC8 was used as a negative control. Lac + cosmid DNA was prepared and analyzed by EcoRI-BamHI-HindIII 115 digestion as described previously.
116
To further verify the Lac + phenotype conferred by the complementing clones, we constructed a S. Laboratories). Purified proteins were dialyzed twice at 4°C against 50 mM potassium phosphate and 10 mM frames were annotated using MetaGeneMark (Zhu et al. 2010) . Functions of proteins were predicted by BLAST 
175
Protein homology search against metagenomic datasets 176 SSEARCH36 (Pearson and Lipman 1988) was used to search 158 metagenomes (32 aquatic, 76 human gut, 50 soil) for homologs to Lac161_ORF7, Lac161_ORF10, and Lac36W_ORF11, with an E-value threshold 178 of 0.01. The database of metagenomes was compiled based on the set of aquatic and human gut metagenomes 179 (Doxey et al. 2015 ) (Qin et al. 2010 , as well as a variety of soil metagenomes obtained from the MG-RAST 180 server (http://metagenomics.anl.gov/). Accession numbers for all datasets are available in Supplementary Table  cosmids were transferred from E. coli HB101 (Sm R Tc R ) to DH5α (lacZYA) via electroporation. We obtained screening in an effort to expand the range of recovered β-galactosidase-encoding clones. S. meliloti strain
200
RmF728 is a derivative of the well studied Rm1021 that has been modified to carry a genomic deletion that 201 removes the lactose metabolism genes (Charles and Finan 1991). The 12AC cosmids were transferred from E.
202
coli DH5α to the S. meliloti RmF728 via en masse triparental conjugation, and 1052 Lac + colonies that were 203 recovered on M9-lactose medium demonstrated reliable growth after streak purification. The colony color of 204 these clones on M9-lactose containing X-gal ranged from white to varying shades of blue. The measurement of 205 β-galactosidase activities of 39 random S. meliloti clones grown in M9 lactose medium (Table S2 ) confirmed 206 that the ability to grow on lactose as sole carbon source was due to cosmid clone-encoded β-galactosidase 207 activity.
208
Each of the Lac + clones was transferred from S. meliloti by triparental conjugation to E. coli DH5α
209
(Rif R ). Electrophoretic comparison of 291 randomly chosen cosmids digested with EcoRI-HindIII-BamHI 210 demonstrated 208 distinct patterns (65%), which suggested that the use of S. meliloti as a surrogate host for this 211 screen yielded a greater diversity of β-galactosidase genes than when E. coli was used. There was some overlap 212 with the clones isolated by complementation of E. coli DH5α, with four restriction enzyme digestion patterns 213 common to both screens. In general, the clones showing a Lac + phenotype in both E. coli and S. meliloti 214 exhibited higher activity (Table S2 ).
216
Sequencing and annotation of Lac + cosmids
217
We randomly chose 3 distinct E. coli and 22 distinct S. meliloti Lac + cosmids for high-throughput 218 sequencing (Table 2; (Lam et al. 2014) ). The Lac100B, Lac112W, and Lac224 sequences were partially 219 assembled, and no β-galactosidase was readily predicted from those sequences. Complete insert sequences and 220 annotated ORFs of the other 22 cosmids have been deposited in GenBank (Table 2 ). Based on taxonomic 221 analysis, the metagenomic DNA carried by these clones was predicted to originate from at least four different 222 bacterial phyla (Cytophaga, Thermomicrobia, Verrucomicrobia, α-, β-, γ-and δ-Proteobacteria) . Cloned 223 metagenomic DNA was GC rich overall (53% to 71%, 64% average).
224
The metagenomic DNA in E. coli Lac + clones LacEc1, LacEc104, and LacEc123, and S. meliloti 225 cosmid Lac24B, Lac36B, and Lac35B was predicted to originate from Serratia of the γ-Proteobacteria (Table   226 2). These clones overlapped over a segment of 15,344 bp (Fig. S1A ). 
257
Lac + clones Lac20, Lac71, and Lac172 isolated in S. meliloti shared a region of 14,707 bp ( Fig. S3A 258 and S3B), and was 93% identical to a segment (positions 2,578,724 -2,593,427) of the S. marcescens WW4 259 chromosome (GenBank accession CP003959). The 14 annotated ORFs within this region exhibited 85-100% 260 amino acid sequence identities to the clustered orthologs ( Fig. S3B ). These data suggest that the cloned DNA in 261 Lac20, Lac71, and Lac172 originated from γ-Proteobacteria. One of the two major facilitator transporters 262 (Lac20_ORF31, GenBank accession AHN97675; Lac20_ORF33, GenBank accession AHN97677) might be 263 involved in lactose uptake in S. meliloti. We were unable to identify an ORF encoding a known β-galactosidase 264 based on protein sequences.
265
Examination of the annotated ORFs of the other 13 Lac + cosmids from S. meliloti (Table 2 ) also did not 266 suggest any candidate that resembled known β-galactosidases. Based on a protein sequence comparison to the 267 CAZy database, which showed low level similarity to proteins carrying known GHs (but not β-galactosidases),
268
we chose Lac36W_ORF11 (GenBank accession AGW45517), Lac161_ORF7 (GenBank accession AGW45552), resulting affinity-purified proteins were assayed for β-galactosidase activity. Here, we report the biochemical properties of gene products from these three ORFs and confirm their activities on lactose as substrate.
275

Biochemical characterization of Lac36W_ORF11
Protein sequence searches of the predicted 33 ORFs against the CAZy database suggested that 280 Lac36W_ORF11 (GenBank accession AGW45517) showed sequence similarity to the protein ERE_21070 of 281 Eubacterium rectale M104/1 (GenBank accession CBK94002), which has three domains:
282
PBP1_LacI_sugar_binding_like, GGDEF (PF00990), and Glyco_hydro_53 (endo-β-1,4-galactanase, PF07745).
283
The Lac36W_ORF11 members. Therefore, we cloned the entire Lac36W_ORF11 and expressed it in E. coli. Purified
290
Lac36W_ORF11 protein was able to hydrolyze lactose to galactose and glucose ( Table 3 ). The enzyme 291 maintained 75% activity in the pH range of 6.5 -8.0 ( Fig. 2A ) and still kept 20% activity at 50°C (Fig. 2B ).
292
Because there was no similarity to any known GH domain and carbohydrate binding module (CBM), we 293 proposed that Lac36W_ORF11 (GenBank, AGW45517) is a new β-galactosidase with possible other functions.
294
The Lac36W_ORF11 was situated within a putative operon, flanked by Lac36W_ORF12, immediately 295 downstream, and Lac36W_ORF10, immediately upstream. Lac36W_ORF12 encodes a putative methionine-S-296 sulfoxide reductase and is located 107-bp downstream of the Lac36W_ORF11 (Fig. S4A) , whereas 297 Lac36W_ORF10, encoding a hypothetical protein (DUF2007), was located 5 bp upstream of Lac36W_ORF11.
298
The nature of the promoter for this predicted operon and its basis for function in S. meliloti, but not E. coli, is 299 not known. The Lac36W_ORF14 is predicted to encode a transcriptional regulator (LysR-like) but whether it 300 has a role in regulation of the operon is unknown. Additionally, there were no ORFs encoding homologs to 
307
The metagenomic DNA was assigned taxonomically to Chthoniobacter of the phylum Verrucomicrobia (Table   308 2).
The Heat_2 and Cytochrom_C domains might be involved in intracellular transport and electron transfer. In corresponds to a GH_J clan domain, which includes GH32 and GH68 enzymes. The presence of a GH_J domain within Lac161_ORF10 is further supported by the domain architectures of related sequences. The top 10 binding sites were also predicted in the structural model using 3dLigandSite (Wass et al. 2010 ). This revealed a 371 predicted cluster of eight residues, including the previously identified D-197 residue, as forming the putative 372 active site (Fig. 3B ). However, alternate alignments and putative active sites from those reported above are 373 possible given the structural repetition of five-bladed propellers. Ultimately, Lac161_ORF10 (GenBank, 374 AGW45555) appears to represent a novel family of β-galactosidase with a GH_J-like five-bladed propeller 375 glycoside hydrolase domain, and an active site similar in composition to other members of this superfamily.
377
Metagenome abundance
378
We were interested in the distribution of sequences similar to the newly described β-galactosidase 379 sequences throughout different metagenomes. To address this, we performed protein homology searches with 380 these sequences against collections of aquatic, human gut and soil metagenomic databases, and normalized 381 using the housekeeping rpoB abundance (Figure 4 ). Homologs to each of the three genes are represented in all 382 three habitats. However, Lac36W_ORF11 in human gut is by far of greatest relative abundance.
383
Lac36W_ORF11 is also high in soil, but not as high as in human gut. Although of overall lower relative 384 abundance, Lac161_ORF10 is also of greater abundance in human gut than in soil or aquatic. Lac161_ORF7 385 exhibits a quite different profile, being extremely rare in human gut, low levels in aquatic, but higher levels in 386 soil. It will be of interest to determine whether these homologs are also functional β-galactosidases.
388
Host influence on screening on the expression of genes of interest and presence of accessory components required for the enzyme activity in libraries for antimicrobial activities. J Microbiol Biotechnol 23 (6) 
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